episodes of spontaneous termination of stable atrial flutter were studied with a multisite mapping system to record simultaneously from 190 right atrial electrodes. In the conscious-state studies, atrial flutter cycle length oscillations began 6±1 (mean±SEM) beats before termination in 26 episodes, stable atrial flutter evolved into atrial fibrillation in 3 episodes, and no cycle length change occurred before termination in 1 episode. In the open-chest studies, in all instances, spontaneous oscillations began 7+1 beats before termination. The only consistent oscillation pattern occurred for the last two beats: a long cycle length (149±9 milliseconds) followed by a much shorter cycle length (110±6 milliseconds) (P<.01). Activation maps demonstrated that all cycle length oscillations were explained by changes of conduction in an area(s) of slow conduction in the reentrant circuit. In two instances, the last (short) cycle length was associated with disappearance of an area of slow conduction. In all episodes, the last circulating reentrant wave front blocked in an area of slow conduction in the reentrant circuit. Although not tested, during the last beat, the very early arrival of the circulating reentrant wave front at an area of slow conduction suggests an important role for refractoriness, with head and tail interactions, resulting in block.
Conclusions. Spontaneous termination of stable atrial flutter in the sterile pericarditis model (1) is preceded by beat-to-beat cycle length oscillations that result from changes in conduction in areas of slow conduction in the reentrant circuit and (2) results from block of the circulating reentrant wave front in an area of slow conduction. (Circulation. 1993; 88[part 11:1866 -1877 KEY WORDs * reentry * conduction * atrial flutter W e recently described and characterized the atrial flutter sterile pericarditis model. [1] [2] [3] [4] With this model, sustained stable atrial flutter is readily induced. During those studies, however, we also noted episodes of induced atrial flutter that terminated spontaneously. Previous studies in the tricuspid ring preparation reentry model from the canine heart5 '6 have shown that the spontaneous termination of atrial flutter in this model is a result of long-short cycle length oscillations, which result in block of the reentrant wave front because of refractoriness (head-tail interaction) encountered during the short cycle length.5'6 However, the tricuspid ring reentry model is characterized by a reentrant circuit without an area of slow conduction and with an anatomically determined central area of block. The present study characterizes the spontaneous termination of stable atrial flutter in the canine sterile termination recorded in both closed-chest and openchest studies. All The canine sterile pericarditis model was created as previously described.1 At the time of surgery, three pairs of stainless-steel wire electrodes coated with FEP polymer except at the tip (0 Flexon, Davis and Geck) were sutured on the following selected atrial epicardial sites: the interatrial band (known as Bachmann's bundle), the posterior inferior left atrium close to the proximal portion of the coronary sinus, and the right atrial appendage. The distance between each two electrodes of each pair was approximately 5 mm. These wire electrodes were brought out through the chest wall and exteriorized posteriorly in the interscapular region for subsequent use. At the completion of surgery, the dogs were given antibiotics and analgesics and then were allowed to recover. Postoperative care included administration of antibiotics and analgesics. Studies in the Conscious Nonsedated State Induction of atrial flutter. In all 11 dogs, beginning on day 2 or 3 after surgery, induction of atrial flutter was attempted in the conscious, nonsedated state. By programmed atrial stimulation or rapid atrial pacing techniques described previously,1-4 atrial flutter was induced by pacing from one of the electrode sites (Bachmann's bundle, posteroinferior left atrium, or right atrial appendage). All pacing was performed with stimuli of at least twice diastolic threshold and up to 20 mA with a modified Medtronic 5325 programmable, battery-powered stimulator with a pulse width of 1.8 milliseconds.
As we have previously shown, there is no difference between the atrial flutters induced with either pacing protocol. 3 During this induction of atrial flutter, ECG leads I, II, and III were recorded simultaneously with the stimulus artifact from the pacing site and with bipolar electrograms obtained from the other two electrode sites.
During induced atrial flutter, the same recordings were made, except that atrial electrograms were then also recorded from the pacing site used to induce the atrial flutter. All electrocardiograms were filtered between a band pass of 0.1 and 500 Hz 14 episodes of induced stable atrial flutter in five dogs. Each dog was anesthetized with pentobarbital (30 mg/kg IV) and mechanically ventilated with a Harvard respirator (Harvard Apparatus, Natick, Mass). The body temperature of each dog was kept within the normal physiological range throughout the study by a heating pad. The chest was opened and the heart exposed by standard techniques. After the heart was exposed, a previously described3'4 electrode array containing 190 unipolar electrodes (Fig 1) arranged in 95 bipolar pairs (Fig 2) was placed on the right atrial free wall and secured with a Velcro belt. The interelectrode distance between each two bipolar electrode pairs in the array was 1.5 mm, and the distance between the centers of bipolar electrode pairs was 4.2 mm diagonally and 6 mm perpendicularly (Fig 1) . After placement of the electrode array, the same pacing protocol described above was used to induce atrial flutter. Data analysis. Analysis of data consisted of selecting activation times and computation of an isochronous map with a maximum resolution of 1 millisecond. Data in both their raw unipolar format and processed bipolar format (subtracted in the software) were available to assist in the selection. Data were filtered in software with a low cutoff frequency (high-pass filter) of 10 Hz before analysis to avoid baseline drift of the electrograms. A 600-millisecond analysis window was chosen from within 4 seconds of stored data. A time reference signal was selected from one of the electrode sites and was used to depict zero activation time. The electrograms recorded at each site during the time window were displayed on a graphics screen, and selection of activation time was done manually with a cursor. The moment of activation at each site was taken as the peak of the first rapid deflection in a predominant monophasic recording or as the time of the intrinsic deflection in a predominantly biphasic recording. The activation time at sites at which multiple component electrograms were recorded was assigned to the major deflection (highest amplitude for bipolar electrograms or fastest downstroke for unipolar electrograms). Care was taken first to identify all components that were caused by ventricular activation with the QRS complex in the ECG as a marker. If there were two discrete deflections for one atrial complex in the ECG (ie, a so-called double potential), the activation time at these sites was assigned to the deflection with the highest amplitude for bipolar electrograms or the more rapid deflection for unipolar electrograms.15
Because of the differences in size of the right atrium from dog to dog, anatomic landmarks (venae cavae, right atrial appendage, atrioventricular groove) were identified and positioned on the grid (electrode array) by visual inspection. For each atrial beat, activation time at each site was placed on an anatomic grid representing activation at each bipolar recording site, and isochronous lines at 10-millisecond intervals were drawn manually.
Definitions
In this study, slow conduction was defined as conduc- Recognizing the limitation inherent in recording bipolar electrograms from only three widely separated sites, none of which may be near the site of block in the reentrant circuit, three patterns were observed in the period preceding the spontaneous termination of stable atrial flutter (Fig 3): 1. In 26 of the 30 episodes (86.6%), after the period of stable atrial flutter cycle length, oscillations in cycle length began, unassociated with changes in morphology, polarity, or amplitude of the recorded electrograms. A change in atrial cycle length was first noticed in the electrograms recorded from the Bachmann's bundle site in 60% of the episodes, from the posteroinferior left atrial site in 28% of the episodes, and from the right atrial appendage site in the remaining 12%. The mean number of oscillatory cycles before termination of atrial flutter was 6.4+0.6 (range, 3 to 13). The rhythm spontaneously terminated with a long-short cycle length sequence for the last two cycles in 18 episodes (Fig 3A) . For these two last cycles, the mean long cycle length was 126+±6 milliseconds (range, 90 to 180 milliseconds), and the mean short cycle length was 99±4 milliseconds (range, 80 to 140 milliseconds) (P .01). The relatively wide range of dispersion of these long and short cycle lengths was because in 7 of these 18 episodes, the duration of the next to the last cycle length was actually longer than the previous stable atrial flutter cycle length. In 10 of the 18 episodes, the duration of the last cycle length was actually shorter than that of the previous stable atrial flutter, and in one episode it was the same as the previous stable atrial flutter cycle length. The rhythm spontaneously terminated with a short-long cycle length sequence for the last two cycles in 7 episodes or with no change in cycle length for the last two beats in one episode. However, as will be seen from the subsequent open-chest multisite mapping studies, within the reentrant circuit itself, the last two cycles before termination were always long-short.
2. In 3 of the 30 episodes (10%), atrial fibrillation evolved from stable atrial flutter, once after 5 minutes 25 seconds, once after 5 minutes, and once after 3 minutes 20 seconds of stable atrial flutter (Fig 3B) . The atrial fibrillation that evolved lasted 21 seconds, 1600 milliseconds, and 850 milliseconds, respectively, before spontaneous termination (Fig 3C) .
3. In 1 of the 30 episodes (3.4%), no oscillation in atrial flutter cycle length was recorded before spontaneous termination of the induced stable atrial flutter and return to sinus rhythm (Fig 3D) 112 to 192 milliseconds) . In all instances, during the period of stable atrial flutter, the beat-to-beat cycle length was constant, the mean beatto-beat cycle length variability being +2 milliseconds (Fig 4) . Spontaneous oscillations began a mean of 7+1 beats (range, 2 to 14 beats) before spontaneous termination of stable atrial flutter (Fig 5) . The first oscillation was an increase in cycle length in 7 episodes and a decrease in cycle length in 7 episodes. There was no consistent pattern of beat-to-beat oscillations except for the last two cycles, which were always a long cycle length (mean, 149+9 milliseconds; range, 106 to 200 milliseconds) followed by a short cycle length (mean, 110±6 milliseconds; range, 78 to 142 milliseconds) (P<.01). A plot of the cycle length oscillations of four representative episodes is shown in Fig 6 . In this case, the atrial flutter was sustained for 6 minutes before spontaneous cycle length oscillations occurred. Note that the reentrant excitation wave front circulates in a counterclockwise direction around an area of apparent functional block, represented by dashed lines in the center of the reentrant circuit. As evident by the crowding of isochronous lines, regions of relatively slow conduction were present in the atrial flutter reentrant circuit that anatomically correspond to the upper portion of the sulcus terminalis (electrode site G), the lower portion of the sulcus terminalis (electrode site B), and in the pectinate muscle area (electrode site D). It was in these regions that the most important changes associated with cycle length oscillations were observed (Fig 8) .
The first atrial flutter cycle length oscillation, a decrease in cycle length from 191 to 187 milliseconds, occurred at site B (Fig 5) . However, note that the cycle length at five selected sites in the reentrant circuit increased and at one site was unchanged (site C, Fig 5) . Note that with the next and subsequent beats during continued cycle length oscillations, there was no consistent pattern at all sites, ie, the cycle length increased at some sites but decreased at other sites for the same reentrant beat (Fig 5) . For all studies, however, there were two consistent findings: at the site just proximal to the block, the last cycle length was always relatively quite short, and the electrogram recorded at that site was always clearly different in morphology than during both stable atrial flutter and the immediately preceding period of cycle length oscillations. All these changes are explained by analysis of the activation maps of these beats (see Fig 8) . changes in the same two areas of slow conduction already noted, until spontaneous termination occurs as a result of block of the circulating reentrant wave front in an area of slow conduction -in this episode, the pectinate muscle region (map 8F). Note also the disappearance of the area of slow conduction in the lower portion of the sulcus terminalis associated with the last circulating reentrant wave front. Importantly, the disappearance of this area of slow conduction led to the relatively early arrival of the wave front at the area of slow conduction in the pectinate muscle region, resulting in block. Map 8G shows the sequence of activation during the first sinus beat after the spontaneous termination. There was no difference between this map and the maps recorded during sinus rhythm before atrial flutter induction in this or in any other episode. Isochronous maps during the period of atrial flutter with cycle length oscillations demonstrated that all changes in cycle length were explained by similar changes in conduction time in an area or areas of slow conduction of the atrial flutter reentrant circuit. There was no change in the length of the line of functional block in this or any other episode analyzed, as evident from both the sequence of activation maps and the sites from which double potentials were recorded. In all instances, the last circulating wave front blocked in an area of slow conduction in the reentrant circuit, nine in the lower portion of the sulcus terminalis and five in the pectinate muscle region, and was independent of the direction (clockwise or counterclockwise) of the reentrant wave front. In the eight dogs in which more than one episode of spontaneous termination of stable atrial flutter was analyzed, the block of the last circulating wave front occurred in the same location.34 In two episodes, the last reentrant wave front was associated with complete disappearance of a previous area of slow conduction. In the other episodes, the isochrones in the area of slow conduction decreased during the last reentrant atrial flutter beat. Thus, in all episodes, important changes in conduction through an area of slow conduction caused the circulating reentrant wave front to arrive relatively early at the next area of slow conduction, resulting in block.
Discussion
From analysis of the data from both the closed-chest and the open-chest studies in this model, several observations can be made. First, the spontaneous termination of stable atrial flutter is always preceded by cycle length oscillations. The cycle length oscillations were not simply organized in a sequential long-short pattern, as previously demonstrated by Simson et all8 in a canine model of atrioventricular reentry in which the accessory atrioventricular connection was an electric circuit. Furthermore, the sequential cycle length changes did not display a regular pattern until the last two cycles, which always formed a long-short sequence, as previously shown by Frame et al5'6 during spontaneous termination of reentrant excitation in the tricuspid ring preparation from the canine heart. Cycle length oscillations were also one of the most important mechanisms found in spontaneous termination of atrioventricular reentrant tachycardia in 24 patients by Ross et al, 19 in which all episodes of block in the reentrant circuit were observed after a short cycle during cycle length alternations.
Second, comparison of the data from several recording sites within the reentrant circuit demonstrates that the cycle length may prolong at some sites and shorten at other sites during the same beat (see Fig 5) As noted above, the last two cycles that preceded spontaneous interruption of atrial flutter always displayed a pattern of a long cycle length followed by a relatively short cycle length. Although refractoriness was not measured in our experiments, it is tempting to suggest, as previously demonstrated by Frame et al156 in the tricuspid ring reentry model, that the circulating reentrant impulse blocked because it encountered refractoriness. In other words, early arrival of the reentrant impulse at a critical site in the reentrant circuit after a previously much longer cycle length caused the impulse to arrive at a time when that site was still refractory. However, as already discussed, the reentrant circuit in the pericarditis model includes one or more areas of slow conduction. It was in these areas where all the changes in conduction occurred during the oscillations, and it was in one of these areas that block occurred.
These consistent findings imply that the areas of slow conduction in the reentry circuit play an important role in the induction of cycle length oscillations and the spontaneous termination of reentry. Termination can result from an enhanced degree of head-tail interaction in one of the areas of slow conduction (ie, an increase in the local wave length resulting from increased local refractoriness). Another possibility is that a low safety factor for conduction in these areas results in failure of propagation. Several factors can contribute to reduced safety, including structural changes such as increased degree of cellular uncoupling at gap junctions,20,21 increased degree of uncoupling between fiber bundles because of edema and cellular inflammatory response, and abrupt changes in load caused by wave front turning ("fanning effect") relative to fiber direction. In addition, abnormalities of membrane processes can lead to depolarized resting potentials and decrease in sodium current, which also compromise the safety factor. Of course, it is likely that a combination of 
